I n this issue of Circulation Research, Bakker et al 1 report that the T-box transcription factor Tbx3 is required for development of the mouse atrioventricular conduction system. This study adds to the increasingly complex roles for T-box genes in the regulation of cell lineage maturation and proliferation in the developing heart. Previous studies from this same group have implicated Tbx3 in control of mouse sinoatrial node development and pacemaker activity. 2 A closely related factor Tbx2 also contributes to atrioventricular (AV) canal specification by repressing genes expressed in the chamber myocardium. 3, 4 Mutations in human TBX5 cause Holt-Oram syndrome, which includes conduction system disease, and mice with heterozygous mutations in Tbx5 develop progressive AV block and other conduction anomalies. [5] [6] [7] Additional T-box factors including Tbx1, Tbx20, and Tbx18 are expressed in distinct compartments of the heart and have critical functions in cardiac cell lineage maturation, proliferation, and morphogenesis. 8 It is becoming increasingly apparent that multiple T-box transcription factors are important regulators of conduction system differentiation and patterning while also contributing to many other aspects of heart cell lineage development and morphogenesis.
Bakker et al 1 report that Tbx3 is required for maturation of the atrioventricular conduction system based on loss of function studies in mice. Mice lacking Tbx3 do not survive past embryonic day (E)14.5 and exhibit abnormal gene expression in conduction system progenitor cells, as well as severe structural malformations, including double outlet right ventricle and ventricular septal defects. Particular attention was paid to the crest of the interventricular septum, where the AV bundle components of the central conduction system will develop. In normal mice, the myocytes in the crest of the interventricular septum diversify from the rest of the septum myocardium with increased expression of Tbx3, Tbx5, and Nkx2.5, as well decreased expression of connexin 43 (Cx43), Tbx18, Tbx20, and atrial natriuretic factor (Nppa). In the mice lacking Tbx3, increased expression of Tbx18, Tbx20, Nppa, and Cx40 is apparent in the crest of the interventricular septum, but Tbx5 and the Tbx3 mutant allele are expressed normally. These observations indicate that the diversification of the crest myocardium from the interventricular myocardium is dependent on Tbx3 but that the crest progenitors are present as indicated by Tbx5 and Tbx3 gene expression. In addition, cell proliferation is increased in the crest of the septum in embryos lacking Tbx3. Together, these data support a role for Tbx3 in repressing expression of septal myocardial genes and inhibiting proliferation in AV bundle progenitor cells.
Heterozygous mutations in the human TBX3 gene cause ulnar mammary syndrome (UMS), characterized by upper limb malformations and mammary gland hypoplasia, as well as dental and genital abnormalities. 9 Strikingly, cardiac structural anomalies and conduction system disease are not part of the syndrome, although sporadic incidence of cardiovascular disease has been reported in individuals with TBX3 mutations. 10 The initial reported human TBX3 mutations were predicted to result in haploinsufficiency, but additional point mutations with potential dominant negative function were identified in a family with UMS and congenital heart malformations. Therefore, the cardiovascular and ulnar mammary phenotypes of individuals with TBX3 mutations are likely dependent on the specific function of the mutant allele. Heterozygous Tbx3 mutant mice are apparently normal and do not exhibit any of the characteristic anomalies of UMS. 11 Given the abnormal differentiation of conduction system in Tbx3 null embryos, it is surprising that no conduction system functional anomalies were observed in the null embryos or heterozygous mice. 1 The apparently normal function of the cardiac conduction system in mice lacking Tbx3 and in human UMS suggests that Tbx3 is not absolutely required for normal cardiac conduction but that compensatory or additional molecular pathways contribute to specialization and function of these myocyte populations.
The T-box gene family can be divided into subfamilies based on conservation of protein structure and function as transcriptional repressors and/or activators (Figure) . 12 Tbx3 and Tbx2 are strong transcriptional repressors and are coexpressed in the AV canal and primitive myocardium. They are differentially expressed in the peripheral and central conduction system, where they inhibit cell proliferation and control lineage-specific gene expression. 1, 2 Tbx5 is a transcriptional activator expressed in the central conduction system, as well as the atrial and left ventricular chamber myocardium. 7 Heterozygous mutations in Tbx5 in humans or mice cause conduction system disease, and Tbx5 also promotes cell proliferation and gene expression characteristic of chamber maturation. 3, 7 Members of the Tbx1 subfamily, including Tbx1, Tbx20, and
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Tbx18, have both transcriptional activation and repressor functions and can promote proliferation while inhibiting maturation of diverse cardiac cell populations. 8 Multiple T-box transcription factors of different subfamilies are often coexpressed and can modulate the expression of one another. This is apparent in the increased expression of Tbx18 and Tbx20 in the crest of the interventricular septum of embryos lacking Tbx3. 1 Tbx20 also has been shown to repress expression of Tbx2 in the primitive myocardium, thereby affecting cell proliferation through dysregulation of N-myc gene expression. 8 Because T-box factors in each subfamily bind the same consensus DNA sequence, the balance of activator and repressor T-box factors present likely determines the levels of target gene expression. Multiple T-box proteins can affect the transcription of the Nppa promoter, with Tbx2, -3, -20, and -18 acting as repressors and Tbx5 functioning as an activator in conjunction with other cardiac transcription factors such as Nkx2.5 and GATA4. 3, 7, 12, 13 Therefore, the complex network of T-box gene expression and protein function regulates diverse aspects of cardiac cell differentiation and maturation with profound effects on heart morphogenesis and function.
There is emerging evidence that multiple T-box proteins control specialization and patterning of the developing conduction system. Tbx2, Tbx3, and Tbx5 are expressed in distinct compartments of the central and peripheral conduction system. 14 Loss of Tbx3 inhibits specialization of the AV bundle and sinoatrial node precursor cells and increased expression of Tbx3 in the atrial myocardium promotes pacemaker function. Tbx5 is expressed throughout the central conduction system, and mice with heterozygous mutation of Tbx5 or individuals with Holt-Oram syndrome commonly exhibit AV block and conduction system disease. 7 T-box downstream target genes include Cx43, which can be repressed by Tbx3, and Cx40, which can be activated by Tbx5. 15 These genes are differentially expressed in conduction system and chamber myocardial cell lineages. Likewise Tbx2 can antagonize Tbx5 downstream gene expression by acting as a transcriptional repressor. 3 Because Tbx2 and Tbx3 are coexpressed in the atria, AV canal, and primitive myocardium, it is possible that they can compensate for each other in establishing the earliest cardiac pacemaker activity of the midgestation embryo. Potential overlap in Tbx2 and Tbx3 function may underlie the apparently normal conduction system function in embryos lacking Tbx3, and it would be interesting to know if mouse embryos lacking both Tbx2 and Tbx3 can establish initial pacemaker activity in the primitive heart. However, loss of either Tbx2 or Tbx3 leads to embryonic lethality at E12 to E14, demonstrating that each has independent nonredundant functions in embryogenesis.
The apparently normal cardiac conduction and pacemaker activity in Tbx3 mutant mouse embryos underscores the complexity of conduction system development and function. The initial specialization of conduction system myocytes involves secreted factors including neuregulin and endothelin, but their effects on T-box expression and function have not been reported. 16 It is likely that multiple signaling pathways and transcriptional regulatory networks contribute to the patterning and diversification of components of the central and peripheral conduction system. T-box transcription factors are key components of complex regulatory networks in many parts of the embryo, and all evidence supports similar complex mechanisms in the specialization of myocyte populations in the heart. Future studies will likely identify additional T-box-interacting proteins and modifying factors critical for specialization and patterning of the conduction system. The embryonic lethality of mice lacking Tbx2 or Tbx3 at E12 to E14 has precluded the assessment of their roles in later stages of development or the adult cardiac conduction system. Therefore, more targeted approaches will be necessary to determine all of the requirements for these T-box proteins in conduction system development and function. The work from the laboratory of Christoffels 1 and other investigators has provided new insights into the role of T-box proteins in the early development and maturation of the specialized conduction system. These studies form the foundation for future work in the assessment of the contributions of these factors to adult conduction system function and disease mechanisms.
Figure.
T-box transcription factors expressed in the heart. Tbx2 and Tbx1 subfamilies are represented with differential transcriptional regulatory functions in cell proliferation, conduction system specification, chamber maturation, and heart morphogenesis.
